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Introduction {#sec001}
============

Cells navigate in complex environments and undergo morphological changes via dynamic reorganization of the actin cytoskeleton \[[@pone.0230679.ref001], [@pone.0230679.ref002]\]. Movement is generated by cyclic phases of protrusion, adhesion to the extracellular environment, and actomyosin-driven retraction of the cell rear. Actin polymerization and crosslinking prevails in the advancement of filaments, protrusions and lamellipodia. Unraveling the mechanisms underlying actin transport, polymerization dynamics, and their regulation by Rho family GTPases are central challenges towards an intricate understanding of cell migration. The dynamics of actin indeed show many peculiarities, including traveling wave patterns \[[@pone.0230679.ref003]--[@pone.0230679.ref006]\], retrograde actin flow at the leading edge \[[@pone.0230679.ref002], [@pone.0230679.ref007]--[@pone.0230679.ref009]\], protrusion-retraction cycles as well as persistent polarity \[[@pone.0230679.ref005], [@pone.0230679.ref010]\]. In 2D cell culture, the actomyosin-driven shape changes of the cell body lead to phenotypic migratory modes that can be detected across large length scales. The macroscopically apparent persistent random walk is generated by the following key components: (i) persistence of leading protrusions and (ii) spontaneous front-rear polarization of cells. The cell cytoskeleton that is responsible for cell locomotion is in turn regulated by intracellular signaling proteins like the Rho family of GTPases \[[@pone.0230679.ref011]\], whose biochemical interactions have been studied both in conceptual and in detailed models \[[@pone.0230679.ref012]--[@pone.0230679.ref018]\]. In general, the mass-conserving reaction-diffusion systems formed by intracellular proteins can exhibit a wide variety of spatiotemporal patterns \[[@pone.0230679.ref019]\]. From a theoretical perspective, the formation of such patterns can be understood in terms of shifting local equilibria due to lateral mass redistribution between diffusively coupled reactive compartments \[[@pone.0230679.ref020], [@pone.0230679.ref021]\]. Detailed spatiotemporal models that account for cell shape changes, in response to the formation of Rho GTPase patterns and their regulation of the cytoskeleton, were found to reproduce front-rear polarization of cells \[[@pone.0230679.ref015], [@pone.0230679.ref022], [@pone.0230679.ref023]\]. The biophysical principles that underlie the coupling between polarization and migration of cells and determine their shape have been explored by a variety of successful conceptual approaches \[[@pone.0230679.ref024]--[@pone.0230679.ref030]\]. To rigorously test these models, it is necessary to employ experimental techniques that are capable of studying the shape, migration and internal chemistry of cells in a well-controlled and high-throughput fashion.

In recent years, artificial micropatterns have been used to confine cell migration to well-defined geometries \[[@pone.0230679.ref031]\], in particular microlanes \[[@pone.0230679.ref032]--[@pone.0230679.ref035]\]. On microlanes, cell motion is reduced to an effective 1D persistent random walk. There, a universal relation between persistence and cell velocity was shown to hold \[[@pone.0230679.ref007]\]. Other micropatterns with non-trivial geometries give rise to novel migratory behavior: circular adhesion islands lead to rotational migration of small cohorts of cells \[[@pone.0230679.ref036]\], ratchet geometries induce directed migration \[[@pone.0230679.ref037]--[@pone.0230679.ref039]\], cells confined in dumbbell-shaped micropatterns undergo repeated stochastic transitions characterized by intricate nonlinear migratory dynamics \[[@pone.0230679.ref040]\], and microlanes with gaps show emergence of stochastic cell reversal and transits \[[@pone.0230679.ref041]\]. In addition, migration patterns may change upon interference with the cytoskeleton. For example, persistent cell migration on linear microlanes shifts to striking oscillations upon depolymerization of microtubules \[[@pone.0230679.ref042]\] or by depletion of zyxin, a protein that concentrates at focal adhesions and actin cytoskeleton components \[[@pone.0230679.ref043]\]. Because of their flexibility in controlling cell behavior, micropatterns are well suited to verify computational models of cytoskeleton dynamics and to advance our understanding of the underlying regulatory network. In particular, computer simulations have predicted periodic migration of cells on 1D micropatterns \[[@pone.0230679.ref027]\]. Similar findings were reported in reaction-diffusion models of actin waves on flexible and on circular boundaries \[[@pone.0230679.ref003], [@pone.0230679.ref024]\]. These theoretical studies suggest that confining geometries might reinforce sustained oscillations. However, systematic experimental studies of periodic cell migration on micropatterns have not yet been carried out. In particular, there have been no studies regarding the dynamics and curvature-dependence of repolarization in the presence of a boundary.

Here, we study the migration of single cells on short microlanes. Using micro contact printing, we create arrays of fibronectin-coated stripe-shaped micropatterns of different lengths. On these micropatterns, we observe quasi-periodic cell migration for the breast cancer cell line MDA-MB-231. We investigate how the spatial distribution of the cell position, the velocity distribution, and the periodicity of cell migration depend on the microlane length. Our data indicate that each cell undergoes repeated cycles of directed migration with pronounced cell polarization, followed by distinct termination of the cell's leading edge at the micropattern ends, and spontaneous cell repolarization in the opposite direction. We recapitulate these migratory features in a dynamic Cellular Potts model, which includes a simplified description of the adapting cell cytoskeleton \[[@pone.0230679.ref030]\]. Subsequently, we compare the distributions of apparent repolarization times between our experiments and computer simulations. Finally, we discuss how microlanes with curved ends constitute a controlled experimental framework that enables further investigation into the natureof excitable dynamics in actin-based cell migration.

Results and discussions {#sec002}
=======================

1. Single cell migration on stripe-shaped microlanes {#sec003}
----------------------------------------------------

In a first set of experiments, we investigated whether cells captured on microlanes exhibit oscillatory migration. Breast cancer cells (MDA-MB-231) are seeded on arrays of fibronectin-coated microlanes, which are surrounded by a PEGylated and therefore cell-repellent surface. These microlanes feature five different lengths between 70 and 270 μm. The fabrication of the micropatterns follows previous protocols and is described in detail in the methods section. Cells adhere, spread and remain confined within the microstructures during the entire period of the experiment. Movies were taken in time-lapse mode, recording images every 10 min over a period of 36 h. During this time, cells migrate in a guided manner and always align their front-rear polarity axis along the main axis of the microlanes. We observe repeated cycles of directed motion, termination of the motion at the micropattern ends, and cell repolarization in the opposite direction. This recurring sequence of events leads to quasi-periodic migration as shown in the time sequences in [Fig 1a](#pone.0230679.g001){ref-type="fig"}. Cells exhibit a typical migratory morphology with an actin-rich lamellipodium at the leading edge---seen as a dark rim in phase contrast---and a retracting tail at the rear. As cells reach the respective end of a microlane, they adopt a shortened, almost round appearance with no lamellipodium, until a newly formed lamellipodium appears at the opposite end of the cell body. These migratory and resting phenotypes coincide with distinct regimes of cell motion, which we obtain by tracking the cell nucleus. [Fig 1b](#pone.0230679.g001){ref-type="fig"} shows an exemplary trajectory of a cell nucleus over the course of 36 hours. For a video of this exemplary cell, please refer to [S1 Video](#pone.0230679.s006){ref-type="supplementary-material"}. The cell shows phases of directed motion followed by pausing and repolarization, thereby resulting in a quasi-periodic movement. Note that cell motion is quasi-periodic in the sense that the time needed for reorientation of the cell is stochastic, which leads to variability in the period of the back-and-forth motion.

![Cell migration on microlanes.\
(**a**) Time sequence of a cell (MDA-MB-231) migrating on a stripe-shaped micropattern (Stripe length L = 120 μm, width W = 20 μm, 10 min time intervals). Images are taken in phase contrast and with fluorescence microscopy. The nucleus is labeled with Hoechst 3334 as indicated in blue. (**b**) Trajectory of the cell nucleus tracked over the course of 36 h showing quasi-periodic alternations between directed migration and repolarization. Additional exemplary trajectories of cells, which represent the broad distribution of frequencies, can be found in [S2 Fig](#pone.0230679.s005){ref-type="supplementary-material"}.](pone.0230679.g001){#pone.0230679.g001}

2. Spatial velocity distribution {#sec004}
--------------------------------

In order to better distinguish phases of directed migration from phases of reorientation, we fabricated microlanes of different lengths. A sufficiently large sample size of hundreds of cells was acquired by parallel automated tracking of fluorescently labeled cell nuclei. Our automated image analysis yields cell trajectories *x*(*t*) as described in the Materials and Methods. The instantaneous cell velocities are determined by *v*(*t*) = \[*x*(*t* + Δ*t*) − *x*(*t*)\]/Δ*t*, where Δ*t* = 10 *min* is the time interval between two subsequent frames. [Fig 2](#pone.0230679.g002){ref-type="fig"} shows exemplary single cell trajectories together with the spatial distributions of cell positions and velocities, which were sampled from ensembles of about 100 cells for each microlane length. These distributions are determined by binning the cell positions into 5 μm wide sections along the microlane, and then computing the fraction *p*(*x*) and the mean absolute velocity ⟨\|*v*\|⟩(x) of cells found in each bin. Cells on the shortest microlane (L = 70 μm) do not exhibit periodic motion, and instead remain in a symmetric morphology with two lamellipodia extending at the cell tips. Evidently, there is not enough space for directional migration on short microlanes. In contrast, quasi-periodic migration is observed on longer microlanes (L = 120--270 μm). [Fig 2b](#pone.0230679.g002){ref-type="fig"} shows that the detection frequency of cell nuclei is flat in the middle of the microlanes and decreases towards the micropattern tips. Note that the spatial distribution of cells in the lanes of length 170 μm shows peaks at both ends, which could be explained by a finite repolarization time that leads to a higher frequency of finding cells at the microlane tips. For longer stripes, the noise level of the spatial distribution of cells is increasing as each point is visited less often, which could prevent the observation of clear peaks there. Similarly, the mean absolute velocity distributions show a distinct plateau behavior in the middle of the microlanes and decline towards the micropattern tips in the case of longer microlanes (220 μm and 270 μm) ([Fig 2c](#pone.0230679.g002){ref-type="fig"}). We find that the velocity declines within similarly sized microlane tip regions for all microlane tip lengths, and use this observation to define the onset of cell repolarization. For long microlanes, the spatial velocity distributions appear to have a trapezoidal profile, where two velocity ramps at the microlane tips are connected by a plateau in the microlane center. Therefore, we define each transition point between a ramp (repolarization) and a plateau (run) region as the boundary of the corresponding repolarization region (see black dashed lines in [Fig 2](#pone.0230679.g002){ref-type="fig"}). In order to identify these transition points, we apply a change-point-analysis as described in the [S2 File](#pone.0230679.s014){ref-type="supplementary-material"}. We find that the distance from the transition points to the tip of the microlane ξ~0~ = 55 μ*m* is nearly constant across all micropattern lengths. Thus, cells on 120 μm stripes are able to polarize but have only a very short migration phase until interacting with the opposite boundary. In the center of longer microlanes (L = 170, 220, and 270 μm), we find longer phases of directed motion in which cells migrate with a mean absolute velocity of approximately 0.4--0.6 μm/min. Note that the velocity in the middle of the 170 μm microlanes is less uniformly distributed and slightly larger than for the 220 and 270 μm microlanes. However, because cell velocities show large variations, these fluctuations could be caused by the inherent variability of the cells.

![Migration pattern as a function of lane length.\
From left to right: (**a**) Time courses of cell nucleus position of cells within microlanes. (**b**) Spatial distributions of nuclei. (**c**) Spatial distributions of mean absolute cell velocities. Blue lines represent the standard error of the mean for the binned data. (**d**) Schematic drawing of the microlanes with length L = 70, 120, 170, 220, 270 μm and width W = 20 μm. Dashed lines indicate the boundary between microlane tips and microlane center. These results were obtained by binning the cell positions (5 μm bin width). For each microlane length, we tracked roughly 100 cells. For videos of exemplary cells on a short microlane (L = 70 μm) and on a longer microlane (L = 170 μm), please refer to [S1](#pone.0230679.s006){ref-type="supplementary-material"} and [S2](#pone.0230679.s007){ref-type="supplementary-material"} Videos.](pone.0230679.g002){#pone.0230679.g002}

3. Velocity distribution and sustained oscillations {#sec005}
---------------------------------------------------

We further quantify the quasi-periodic migration of cells. First, we determine the overall distribution of absolute cell velocities ([Fig 3a](#pone.0230679.g003){ref-type="fig"}). We find that for microlanes long enough to show persistent cell migration (L = 120--270 μm), the cell velocity distributions collapse onto an exponentially decaying master curve. Short microlanes, where we do not observe persistent cell migration, show a distinctly narrower velocity distribution. This is likely explained by the observation that cell repolarization begins at a distance of 55 μm from the micropattern tips. If the microlane is shorter than twice this distance, then the cell is in a constant state of repolarization, which diminishes oscillatory motion. Subsequently, we performed a discrete Fourier transform of the cell velocity time-traces for different stripe lengths, which yields the frequency distribution corresponding to the quasi-periodic cell migration. We find that the frequency spectrum follows a log-normal distribution. Furthermore, the dominant frequency (*f*~*max*~, peak of the frequency spectrum) shifts to lower frequencies for longer stripe lengths. In the inset of [Fig 3b](#pone.0230679.g003){ref-type="fig"}, we find that the period of migration *T* = 1/*f*~*max*~ increases linearly with the stripe length at a slope *dT*/*dL* = 0.054 ± 0.006 h/μm. This indicates that cells move with a constant velocity, *v*~*c*~ = 0.62 μ*m*/*min*, across the microlane and that their repolarization time does not depend on the length of the microlane. We find that the constant velocity obtained from our spectral analysis is in good agreement with the velocity plateau in the stripe centers ([Fig 2](#pone.0230679.g002){ref-type="fig"}). Furthermore, the linear fit intersects the x-axis at *x* = 29.4 μ*m*, which can be interpreted as a lower bound for the microlane length to allow cell motion.

![Overall spectral analysis of the large ensemble of cell traces.\
(**a**) Normalized distribution of absolute cell velocities, ⟨\|*v*\|⟩, for single MDA-MB-231 cells migrating in stripe-shaped micro patterns of five different lengths and fixed width (W = 20 μm). Inset: Non-normalized (counts) velocity distribution in a logarithmic plot. (**b**) Discrete Fourier transform of the time-dependent directional velocities, averaged over the cell ensemble, fitted by a log-normal distribution (lines). Inset: The migration period (T = 1/frequency) of single cells increases linearly with the stripe length. The error bars correspond to the peak width of the fitting in (**b**).](pone.0230679.g003){#pone.0230679.g003}

4. Repolarization time {#sec006}
----------------------

In the following, we address cell repolarization and the dynamics of directed migration reversal at the ends of the microlanes. We observe that cells depolarize when the protruding lamellipodium encounters the confining PEG-layer. The cell then compacts as its trailing edge continues to move. As the trailing edge stalls, the cell begins to expand again and finally repolarizes towards the opposite, free cell edge. This repolarization manifests itself in a new lamellipodium that emerges at the free cell edge. Note that this phenomenon of internal repolarization is rather specific for cells confined on microlanes. The more general appearance of mesenchymal cell migration in 2D as well as in 3D appears to redirect existing lamellipodia or exhibit several competing lamellipodia. However, in the experiments presented here, the appearance of lamellipodia is restricted to two opposite sides of the cell due to its lateral confinement by the microlanes. Hence, reorientation of crawling cells occurs via a relatively well-defined cycle of depolarization and repolarization. This feature allows us to examine the "reversal time", which is a measure for the time scale of depolarization and repolarization when a cell reaches the end of a microlane. As discussed in section 2, "Spatial velocity distribution", we define a reversal area A~0~ at the ends of the microlanes ([Fig 4a](#pone.0230679.g004){ref-type="fig"}); in [Fig 2](#pone.0230679.g002){ref-type="fig"} the reversal area marks the regions where we observe a decrease of the cell velocities (with a distance ξ~0~ = 55 μm to the boundary). During a depolarization-repolarization cycle, a cell first enters the reversal area at *t* = *t*~1~ when it approaches the microlane tip, and leaves it at *t* = *t*~2~ after repolarization. Therefore, we define the reversal time as *t*~*R*~ = *t*~2~ − *t*~1~ and determine its distribution for four different microlane lengths ([Fig 4b](#pone.0230679.g004){ref-type="fig"}). We note that the reversal time distributions are independent of the stripe length, which is in good agreement with our spectral analysis in section 3, "Velocity distribution and sustained oscillations". Although the exact value of the average reversal time will typically depend on the particular choice of the reversal area, we consistently find an average depolarization and repolarization time of approximately 100 min.

![Distribution of "reversal times".\
(**a**) Schematic drawing of a cell entering the microlane tip region A~0~ (red hatches), arresting and then returning from the tip region, with the leading edge of the cell shaded in dark green. The red dashed line indicates the position of cell entry into the tip region A~0~, at time *t*~1~, and exit from the tip region, at time *t*~2~. (**b**) Normalized distribution of the reversal times *t*~*R*~ = *t*~2~ − *t*~1~ for four different microlane lengths. Inset: Non-normalized (counts) distribution of the reversal times.](pone.0230679.g004){#pone.0230679.g004}

5. Cellular Potts model recapitulates quasi-periodic motion {#sec007}
-----------------------------------------------------------

The data presented so far are obtained from a large cell ensemble. Therefore, the distribution functions that describe the quasi-oscillatory cell motion present a robust and generic testbed for comparison with mathematical modeling. Recently, we have developed an extended Cellular Potts model that is capable of describing spatiotemporal dynamics of cells in 2D \[[@pone.0230679.ref030], [@pone.0230679.ref036]\]. In particular, we model the spatiotemporal dynamics of the contact area of a cell with a planar substrate, which is described by a set of discrete adhesion sites on a 2D lattice. With each configuration of the cell, which is characterized by a spreading area *A* and perimeter *P*, we associate the energy $$\mathcal{H} = \kappa_{A}A^{2} + \kappa_{P}P^{2} - {\sum\limits_{\mathbf{x}}{\epsilon\left( {\mathbf{x},t} \right)}}.$$

Here, the first two terms serve as a simplified description of the mechanical properties of cells \[[@pone.0230679.ref044]--[@pone.0230679.ref046]\]. In addition, the spatially resolved *polarization field*, *ϵ*(***x***, *t*) ∈ \[*ϵ*~0~ − Δ*ϵ*/2...*ϵ*~0~ + Δ*ϵ*/2\], emulates effective protrusive forces due to actin polymerization, actomyosin contractility and cell-substrate adhesions. The parameter *ϵ*~0~ denotes the average polarization field, and the parameter Δ*ϵ* denotes the polarization range. We assume that the cell gradually minimizes its configuration energy by adding or removing adhesion sites. In particular, one can illustrate that the cell is likely to protrude in regions with large polarization field and to retract in regions with small polarization field by interpreting ϵ(***x***, *t*) as an effective local *adhesion energy*. We simplify all intracellular signaling, which is mediated e.g. by the Rho GTPase family of proteins, into two prototypical feedback loops that break detailed balance. If the cell makes new contacts with the substrate (protrusion), then intracellular signaling reinforces the polarization field and therefore increases the likelihood of further protrusions. Then, the polarization field grows with a rate *μ* for all contact sites ***x*** that are surrounded by more protrusions than retractions within a fixed signaling range *R* \[[@pone.0230679.ref030], [@pone.0230679.ref036]\]: $$\partial_{t}\epsilon\left( {\mathbf{x},t} \right) = \mu\left\lbrack \epsilon_{0} + \Delta\epsilon/2 - \epsilon\left( {\mathbf{x},t} \right) \right\rbrack.$$

On the other hand, if the cell loses contacts with the substrate (retraction), then intracellular signaling weakens the polarization field and therefore increases the likelihood of further retractions. In particular, the polarization field decays with a rate *μ* for all contact sites ***x*** that are surrounded by more retractions than protrusions within a fixed signaling range *R* \[[@pone.0230679.ref030], [@pone.0230679.ref036]\]: $$\partial_{t}\epsilon\left( {\mathbf{x},t} \right) = \mu\left\lbrack \epsilon_{0} - \Delta\epsilon/2 - \epsilon\left( {\mathbf{x},t} \right) \right\rbrack.$$

For all other contact sites between the cell and the substrate, the polarization field approaches a 'rest state' \[[@pone.0230679.ref030], [@pone.0230679.ref036]\]: ∂~*t*~*ϵ*(***x***, *t*) = *μ*\[*ϵ*~0~ − *ϵ*(***x***, *t*)\]. This model reproduces persistent cell migration in a broad parameter regime \[[@pone.0230679.ref030], [@pone.0230679.ref036]\] and can therefore also reproduce oscillatory migration on microlanes. For a quantitative agreement between the migration timescales in our simulations and in our experiments, it is necessary to adjust the model parameters accordingly. However, it is a priori not clear whether there is a parameter set that can match the stochasticity of our experiments. Therefore, we use our experiments as a benchmark to test our model and to narrow down the parameters for the simulation of MDA-MB-231-cells. Finally, with these parameters, we investigate the lamellipodium morphology as it encounters different constrictions---a typical scenario for cell migration in vivo. In particular, we ask: how does the cell behave as it encounters differently shaped microlane tips?

To find a suitable parameter set, we adjusted the duration of a Monte Carlo step so that the average absolute velocity of migrating simulated cells, ⟨\|*v*\|⟩ = 0.6 μ*m*/*min*, matches the experiments. Based on our previous work \[[@pone.0230679.ref030]\], we modified the parameters to account for cell persistence and stochasticity, and to achieve a sufficiently fine discretization of the cell body to resolve the micropattern tips. A detailed description of the parameters is provided in the [S1 File](#pone.0230679.s013){ref-type="supplementary-material"}. We then simulated individual cells with fixed parameters and constant average area on stripe-shaped microlanes. Note that this premise already marks a striking difference from the experiments: in the simulations we investigate a population of clonal and therefore identical cells, while the cells used in the experiments show a wide variation in morphology and migratory behavior. Therefore, we expect the simulations to underestimate all variances compared to the experiments.

We find that the model predicts large differences in cell shape and perimeter between polarized cells migrating in the microlanes and depolarized cells in the microlane tips, which qualitatively agrees with our experiments. However, cell size fluctuations in the model are very small, because we have kept the average polarization field *ϵ*~0~ constant. Interestingly, we find that the spreading area of the cells seems to shrink upon depolarization in the experiments. This might hint towards an additional regulation of cell-substrate adhesions that is currently not implemented in our model. Then, we investigated whether the model reproduces the correct statistics of quasi-oscillatory motion, and found both qualitative and quantitative agreement between the simulated cell trajectories and our experimental data ([Fig 5](#pone.0230679.g005){ref-type="fig"}). Here, we evaluated the distribution of cell reversal times in the simulations analogously to the experiments and observed a pronounced peak at 100 min ([Fig 5a](#pone.0230679.g005){ref-type="fig"}). Furthermore, the simulated cells show a similar spatial velocity distribution as in the experiments ([Fig 5b](#pone.0230679.g005){ref-type="fig"}). In addition, we also performed more intuitive comparisons between simulations and experiments. In particular, we find similar morphologies of (i) polarized and persistently migrating cells with a flat leading edge and a tapered rear, (ii) cells that depolarize after running into a dead end on their microlane, and (iii) repolarized cells ([Fig 5c](#pone.0230679.g005){ref-type="fig"}). To assess the actin distribution during cell migration, we transfected live cells with a fusion construct of the actin-binding peptide LifeAct and GFP (LifeAct-GFP). Intuitively comparing the representative kymographs for both a simulated cell and an experimental LifeAct-GFP transfected cell, both demonstrate similar oscillations on congruent microlanes ([Fig 5d](#pone.0230679.g005){ref-type="fig"}). In particular, we also find similarly sharp distributions of the polarization field in the model and the actin fluorescence intensity in our experiments ([Fig 5d](#pone.0230679.g005){ref-type="fig"}); in the model, this corresponds to a small signaling radius. However, we find that the cell also has a broad distribution of cortical actin in the cell body, which is not included in the model. The kymographs also show that there are several processes taking place during depolarization of the cells in experiments and in the simulation. The cytoskeletal activity at the leading edge is quenched relatively fast upon contact with the tip of the microlane, whereas the rear of the cell usually continues to move forward for some time. Taken together, our findings suggest that the quasi-periodic migration of cells on microlanes is well described by an extended Cellular Potts model. This model predicts cell polarization to robustly emerge from stochastic occurrence and subsequent self-reinforcement of cell protrusions, which then leads to a stochastic (re)polarization time. Therefore, the quasi-periodic oscillations observed in our experiments can emerge from a simple and generic coupling between cell polarization and cell movement.

![Comparison of computer simulations and experimental results.\
The microlane length is fixed at 170 μm with a round tip geometry. (a) Reversal time distributions of simulated and experimental cells. (b) Spatial mean absolute velocity distributions of simulated and experimental cells. (c) The extended Cellular Potts model features an internal polarization field. Our simulations reproduce the distinct run and rest phenotypes and yield cell center-of-mass trajectories that show quasi-periodic behavior (bottom); experimentally obtained cell trajectories are indicated on the upper right. (d) Comparison between the kymograph of a LifeAct-GFP transfected MDA-MB-231 cell with nuclear staining (bottom) and the kymograph of a simulated cell. Top: Zoom-in to a region that contains two periods of oscillation. Top left: Simulated cell. Top right: Experimental cell. Bottom: Zoom-out to the kymograph of an experimental cell that performs many periods of oscillation. Red arrows indicate the direction of cell motion. A video of the moving LifeAct-GFP transfected MDA-MB-231 cell can be found in "[S4 Video](#pone.0230679.s009){ref-type="supplementary-material"}".](pone.0230679.g005){#pone.0230679.g005}

6. Effect of curvature on cell depolarization {#sec008}
---------------------------------------------

It is understood that the non-linear dynamics of actin polymerization and turnover depends on the cell shape and the geometry in which the cell migrates \[[@pone.0230679.ref023], [@pone.0230679.ref047]\]. In order to test the interplay between surface geometry and cell contour, we investigate the depolarization and repolarization of cells on microlanes with differently shaped tips. For example, a tapered tip allows us to explore how the reversal time depends on the deformation of the leading lamellipodium. To this end, we fabricated microlanes with four distinctly curved tips: round-, blunt-, sharp-, and concave-shaped, while keeping the total area and the width of the microlanes constant ([Fig 6a](#pone.0230679.g006){ref-type="fig"}) to assure the comparability of the cell behavior. Thus, depending on the tip geometry the length of the microlanes is slightly different to achieve a constant area. In order to observe many reversal events but also directed migration we established a length of 170 μm for the round tips. Exemplary fluorescent images of the microlanes are shown in [Fig 6b](#pone.0230679.g006){ref-type="fig"}. Across all studied geometries, we find that cells consistently exhibit oscillatory motion. Furthermore, the distribution of reversal times, or in other words, the depolarization-repolarization time, does not depend significantly on the respective tip geometry ([Fig 6c](#pone.0230679.g006){ref-type="fig"}). All reversal times are centered around approximately 100 min, which is consistent with the results in [Fig 4b](#pone.0230679.g004){ref-type="fig"}. A comparison between experiments and simulations, using the same algorithms for the analysis, yields similar reversal times ([Fig 6d](#pone.0230679.g006){ref-type="fig"}). However, the reversal time distribution is typically broader in the experiments than in the simulations, indicating that our simulations might underestimate the cell-to-cell variability.

![Effect of curvature on the repolarization time.\
(**a**) Schematic diagram of microlane geometry with four different tip shapes: blunt, concave, round, and sharp. The area of all microlanes and the reversal area A~0~ are kept constant. (**b**) Exemplary fluorescent images of microlanes of width W = 20 μm. (**c**, **d**) Distribution of cell reversal times (Δt) when reaching the microlane tips, for four different tip shapes. (**c**) Experimental reversal time distribution. (**d**) Simulated reversal time distribution.](pone.0230679.g006){#pone.0230679.g006}

To gain additional insight into the spatiotemporal actin dynamics at the leading edge of the cell, we recorded a series of live time-lapse images of LifeAct-GFP transfected MDA-MB-231 cells. The deformation of the leading edge and the spatial distribution of F-actin in the protrusions are visualized in a close-up image series of the advancing lamellipodium at the microlane tips ([Fig 7](#pone.0230679.g007){ref-type="fig"}). There, we also show snapshots of the leading edge of simulated cells for a direct comparison between experiment and simulation. Both in experiment and simulation, we find that the lamellipodium splits in the concave-shaped ends showing local quenching of actin activity in the middle ([S5](#pone.0230679.s010){ref-type="supplementary-material"} and [S6](#pone.0230679.s011){ref-type="supplementary-material"} Videos). In contrast, in sharp ended microlanes the lamellipodium does not split but enters the sharp tip. Overall, the mesoscopic dynamics and reversal time of the cell do not seem to strongly depend on details of the microscopic dynamics of its lamellipodium. The constant repolarization time for all microlane lengths and tip shapes can be understood intuitively if the depolarization is fast compared to all other time scales and the repolarizing cell front does not have information about the tip geometry at the cell back. Furthermore, our experiments show that the PEGylated area does not constitute a solid mechanical boundary in our experiments. In many instances, we find transient actin protrusions into the PEGylated area. However, focal adhesion formation is impeded on the PEGylated substrate leading to a subsequent retraction. In contrast, in our computer simulations we strictly confine the cell contour to the micropattern. Furthermore, in the simulations, the contour of the advancing cell edge does not adopt the shape of the concave and sharp microlane tips to the same degree as in the experiments ([Fig 7c and 7d](#pone.0230679.g007){ref-type="fig"}). This might be due to (i) an overestimation of the perimeter stiffness or (ii) prohibiting the simulated cell from leaving the micropattern, which would allow less curved cell shapes.

![Geometry dependence of migratory arrest.\
Comparison between LifeAct GFP labeled MDA-MB-231 cells and simulated cells, which migrate towards differently shaped microlane tips (Lane length L = 170 μm, width W = 20 μm, 5 min time intervals). The top row (in green) shows fluorescence time-lapse data, while the bottom row shows the corresponding computer simulation for (**a**) round-shaped tips (**b**) blunt-shaped tips (**c**) sharp-shaped tips and (**d**) concave-shaped tips.](pone.0230679.g007){#pone.0230679.g007}

Conclusion {#sec009}
==========

In this work, we investigate single cells that migrate within short microlanes. In this form of confinement, cells exhibit a pole-to-pole migration mode. This behavior is quantified by the dominant oscillation frequency, the spatial distribution of cell positions and the persistent velocity of polarized migrating cells as a function of microlane length. The finding of quasi oscillatory pole-to-pole migration with repetitive depolarization-repolarization cycles is in agreement with previous measurements of the typical persistence length of directed migration on microtracks or microchannels, which was reported to be about 400 μm and hence larger than the length of the microlanes studied here \[[@pone.0230679.ref007], [@pone.0230679.ref032], [@pone.0230679.ref033], [@pone.0230679.ref041]\]. At the poles of the microlanes, actin polymerization in the leading protrusion is quenched which is most likely due to the reduced capability to form focal adhesions in the PEGylated area. In this way, further cell advancement is stopped. Subsequently, spontaneous protrusions form at the opposite, free edge of the cell and reverse the cell motion in the opposite direction. Interestingly the total reversal time does not depend on the length of the microlanes and hence appears to be independent of the migration history. In order to interrogate whether in-plane curvature of the tip boundary affects the spatio-temporal distribution of the actin polymerization front and possibly the reversal time, we constructed different tip shapes. We find that the tip shape has no significant influence on the macroscopic reversal times when the accessible area is preserved. However, we find that a concave tip shape leads to split protrusions showing local quenching of actin activity in the middle. In sharp microlanes, the lamellipodium does not split but enters the sharp tip. These experimental findings document that protrusions into constrictions are enhanced, while protrusions at concave interfaces are split. Our model provides a potential explanation of these experimental features. In the model, protrusions are amplified within a finite signaling radius, thereby coupling nearby protrusions. If the signaling radii are small compared to the microlane width (and have similar size as compared to the constrictions), then the cell can form two separate lamellipodia that invade the concave microlane tips. In between the split protrusions, the polarization field is quenched due to a lack of positive feedback.

We show that the experimentally observed pole-to-pole cell migration mode as well as the tip splitting at concave tips is recapitulated by an extended Cellular Potts model. Our model shows that the distribution of stochastic repolarization times might be explained as follows: stochastic membrane protrusions explore the vicinity of the cell. Then, if the cell can adhere in the explored region, these protrusions form stable lamellipodia through a self-reinforcing feedback loop. Note that our computational implementation conceptually resembles the protrusion fluctuation model used to describe directed cell motion on microratchets \[[@pone.0230679.ref038], [@pone.0230679.ref039]\]. Therefore, the general mechanism is the dynamics and reinforcement of exploring protrusions at both ends of the cell. For a further comparison between our extended Cellular Potts model and other models, including phase field approaches, we refer the reader to \[[@pone.0230679.ref030]\]. These phenomena emerge solely from the minimal feedback mechanism implemented in the Cellular Potts model; it does not currently take into account any structural details of the cytoskeleton. Further development of the Cellular Potts model to include myosin and the actin regulating Rho GTPases, which has been the subject of interest in analytical reaction-diffusion models of moving cells \[[@pone.0230679.ref007], [@pone.0230679.ref013], [@pone.0230679.ref015], [@pone.0230679.ref018]\], will possibly improve model predictions of the morphology and dynamics of the moving cell. In this context, the microlane assay proves useful as a testbed for future theory, facilitating the accumulation of statistics over repeated de- and repolarization events. As a cell depolarizes in different microlane geometries, the resulting spatial distribution of actin activity could lead to a better understanding of how cell adhesion and the local membrane curvature regulate actin polymerization \[[@pone.0230679.ref047]--[@pone.0230679.ref050]\]. In particular, computational models are challenged to recapitulate migratory behavior on various micro-pattern geometries in a consistent manner using an optimized, unique parameter set. Here, future studies combining cell migration assays on micropatterns and computational models will be valuable as a benchmark for model parameters. Hence, we propose to train physical models of cell migration on multiple experiments and in different confinements in order to gain predictive power. Such an approach will help to classify cytoskeleton dynamics and mechanisms that lead to distinct migration phenotypes.

Materials and methods {#sec010}
=====================

Micropatterning {#sec011}
---------------

Laser lithography. To prepare the master mold of the stamp for micropatterning, a silicon wafer was coated with TI Prime adhesion promoter and AZ40XT (MicroChemicals) photoresist. Areas for cell adhesion were exposed to UV light using laser direct imaging (Protolaser LDI, LPKF). The photoresist was developed (AZ 826 MIF, MicroChemicals) and then silanized (Trichloro(1H,1H,2H,2H-perfluorooctyl)silane, Sigma-Aldrich). To fabricate the stamp, polydimethylsiloxane (PDMS) monomer and crosslinker (DC 184 elastomer Kit, Dow Corning) were mixed in a 10:1 ratio (w/w), poured onto the master mold, and cured 3 h or overnight at 50 °C. The crosslinked PDMS layer was peeled off and manually cut into stamps.

Microcontact printing: Stripe-shaped microlanes were produced by microcontact printing. Firstly, PDMS stamps were exposed with UV-light (PSD-UV, Novascan Technologies) for 5 min. The stamps were then immersed in an aqueous solution of 40 μg/ml fibronectin (Yo Proteins) containing 10 μg/ml Alexa Fluor 488 dye (Life Technologies) labeled fibronectin for 45 min. The stamps were subsequently washed with ultrapure water. Stamps were dried under filtered airflow and then stamped onto a hydrophobic uncoated μ-Dish (Ibidi GmbH) bottom that underwent UV exposure for 15 min beforehand. The stamps were gently pressed with tweezers for a few seconds to ensure contact with the bottom. To then fabricate the cell-repelling areas, 30 μL of 2 mg/ml poly-L-lysine-grafted polyethylene glycol (PLL-g-PEG) (2 kDa PEG chains, SuSoS) dissolved in 10 mM Hepes and 150 mM NaCl solution was added. After the removal of the stamps, a glass cover slip was placed on the printed bottom to assure complete coverage with the PEG solution and then incubated for 30 min at room temperature. Finally, the printed bottom was washed with phosphate buffered saline (1x PBS) three times and stored in 1x PBS for further cell seeding. Unless otherwise specified, the patterns consisted of uniform stripes with a width of 20 μm.

Cell culture and transfection {#sec012}
-----------------------------

MDA-MB-231 breast cancer cells were cultured in modified Eagle´s medium (MEM-F10, c.c.pro) supplemented with 10% fetal calf serum (FCS, Invitrogen) and 2.5 mM L-glutamin (c.c.pro) at 37 °C in 5% CO2 atmosphere. For time-lapse phase-contrast images, cells were seeded at a density of 1 x 10^4^ cells per dish (μ-Dish, IBIDI). After 2 h, cell medium was replaced by 1 ml Leibovitz's L-15 Medium (c.c.pro) containing 10% FCS and 25 nM Hoechst 33342 nucleic acid stain (Invitrogen) and incubated for 1 h at 37 °C before imaging.

For actin dynamics studies, seeded cells were further transfected with LifeAct-GFP mRNA. Briefly, \~1x 10^4^ cells were seeded into a 35 mm μ-Dish and incubated 2 h at 37 °C in 5% CO2 for cell adhesion. 1.25 μl Lipofectamine MessengerMax Reagent (Invitrogen) was diluted in 123.75 μl OptiMEM (Life Technologies) transfection medium and incubated 10 min at room temperature. 500 ng mRNA (0.5 μl x 1000 ng/μl) was diluted in 124.5 μl OptiMEM. Both solutions were mixed and incubated for 5 min at room temperature for lipoplex formation. Adhered cells were washed with 1x PBS, and carefully added to the 250 μl transfection mix. After a 1 h incubation at 37 °C in 5% CO2, the cell transfection mix was replaced by 1 ml Leibovitz's L-15 Medium (c.c.pro) containing 10% FCS before proceeding to time lapse imaging.

Laboratory protocols can be found: <http://dx.doi.org/10.17504/protocols.io.bcdiis4e>.

Live cell imaging and microscopy {#sec013}
--------------------------------

For migration studies, scanning time lapse measurements were acquired using an automated inverted microscope iMIC (Till Photonics). The microscope was equipped with a 10x Zeiss objective and a 40x Zeiss objective, an ORCA-03G camera (HAMAMATSU), and an Oligochrome lamp (Till Photonics). During the measurements, cells were maintained in L-15 Meidium containing 10% FCS at 37 °C using a temperature-controlled mounting frame (Ibidi temperature controller, Ibidi). Phase contrast and fluorescent images were automatically acquired at 10 min intervals, unless noted otherwise. To analyze the actin dynamics at the interface of micropatterns, images were acquired at intervals between 20 s---1 min.

Image processing and data analysis {#sec014}
----------------------------------

Image analysis was carried out using ImageJ (National Institutes of Health, NIH). Images of isolated cells migrating in the stripe-shaped microlanes were first manually cropped. The trajectory of each stained nucleus was preprocessed by first applying a bandpass filter and a threshold to the fluorescence images, and the geometric center of mass of the nucleus was subsequently evaluated. The geometric mean of the nucleus position was used as a proxy for the cell position. Only single-cells that explored the whole stripe where analyzed. Cell tracks were excluded from further analysis in the following cases: cell tracks shorter than 36 h due to cell division or spanning out of the micropattern, and tracks of non-moving or dead cells (less than 5%).

Trajectories of individual cells were analyzed in Matlab. Only the component of the cell position in the direction of the corresponding microlane was considered resulting in a 1D trajectory. The center of the microlane was determined by taking the average of the two points where cells got closest to each tip of the microlane.
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###### Additional exemplary trajectories of cells with different frequencies on the microlane L = 120 μm.
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###### A cell (MDA-MB-231) migrates on a stripe-shaped micropattern (L = 120 μm).
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###### A LifeAct-GFP transfected cell migrates on the microlane L = 170 μm.
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